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We analyze the influence of an externally modulated photonic link on the per-
formance of a microwave communications system. From the analysis, we deduce
limitations on the photocurrent, magnitude of the relaxation oscillation noise of the
laser, third-order intercept point of the preamplifier, and other parameters in order
for the photonie link to function according to the system specifications. Based on
this, we outline a procedure for designing a photonic link that can be integrated in
a system with minimal performance degradation.
I. Introduction
Photonic technology has become increasingly impor-
tant in analog communications systems. For systems with
high frequency and high dynamic range, externally mod-
ulated photonic links generally have better performance
compared to directly modulated links [1,2]. The perfor-
mance of such links has been analyzed by many authors
[3-6]; however, in these analyses the links were assumed
to be isolated from the microwave system and, therefore,
their effect on the system was not adequately apparent.
In addition, many parameters in these analyses were given
for component engineers and, thus, are difficult to use for
a system designer, who may not be familiar with the pho-
tonic technology. Finally, none of the analyses considered
the influence of the laser's relaxation oscillation noise am-
plitude on the microwave system, which, as will be dis-
cussed later, may be critical in many applications.
We present here an analysis that emphasizes the in-
tegration of the link in an analog system. We pay spe-
cial attention to the laser's relaxation oscillation noise and
determine quantitatively its effect on the system. With
parameters and equations intentionally written in system
engineering terms, we hope that the results can be readily
used by microwave engineers in their system designs.
An analog communications system can be considered as
many subsystems that are cascaded together. Each sub-
system i has a characteristic gain Gi, noise factor Fi, 1-
dB compression Pi ldB, third-order intercept point IPi, and
bandwidth Afi. Grouping the subsystems is somewhat ar-
bitrary; for convenience, we group the system under con-
sideration into three subsystems, as shown in Fig. 1. All
the components before the optical link are included in sub-
system 1, and all the components after the optical link are
included in subsystem 3. The optical link itself is subsys-
tem 2. For example, in an antenna remote system where
the optical link is inserted between the low-noise amplifier
(LNA) of the antenna and the downconverter, subsystem
1 is the LNA and subsystem 3 includes the downconverter
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tone phase versus frequency plots.
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and all the components following the downconverter. With
such a grouping, the effect of the optical link on the sys-
tem's performance can easily be evaluated.
In this article, we first determine the gain, noise fig-
ure, 1-dB compression, and intercept point of an isolated
optical link (or subsystem 2). We then determine quan-
titatively the changes in noise figure, dynamic range, and
gain profile of the system caused by the insertion of the
optical link. From the analysis, we deduce limitations on
the magnitude of the relaxation oscillation peak, photocur-
rent, and other parameters of the optical link in order for
the link to function according to the system's specifica-
tions. Finally, based on the analysis, we outline a proce-
dure for designing a photonic link that can be integrated
in a system with minimal performance degradation.
II. Parameters of an Isolated Optical Link
A. Gain of the Photonic Link
The photonic link consists of an electro-optic (E/O)
modulator to convert the RF signal into an optical signal,
a length of optical fiber to transmit the optical signal, and
an optical receiver to convert the optical signal back to
RF. Because two signal conversion processes are involved,
the signal loss is generally high. The attenuation of the
optical signM in the fiber also produces additional RF loss.
The total RF gain (or loss) of the photonic link using the
Mach-Zehnder modulator [5] is (see Appendix A)
4 4 hRL
IPm = 1OPeradB-- Rm - hop (2)
They can be converted to the results obtained by Kol-
her and Dolfi in [7]. From Eq. (2), one can see that for a
Mach-Zehnder modulator the third-order intercept point
is always 10 times (or 10-dB) higher than the 1-dB com-
pression. For a modulator with V_ of 8 V and R_ of 50
f2, the 1-dB compression is 17 dBm, and the third-order
intercept point is 27 dBm.
The output intercept IPop is simply the product of the
input intercept and the gain of the link. From Eq. (2), we
can readily obtain
IPov = lOPolpdB = 4I_hRL (3)
where pldB is the output 1-dB compression of the link. It
- op
is important to notice that the output 1-dB compression
and the third-order intercept are independent of the char-
acteristics of the modulator and are proportional to the
photo-electric power in the receiver.
C. Preamplifier Requirements
Typically, the loss of the basic optical link is -20 to
-60 dB. To compensate for the signal loss, an amplifier
with a gain of
2
Gop = 7r2 I;h t_L
V_ / t_-_ (1)
where V_ is the half-wave voltage of the modulator, R,_
is the input impedance of the modulator, RL is the load
impedance of the receiver, and Iph is the average pho-
tocurrent in the load resistor of the receiver. In Eq. (1),
the numerator is the electrical power generated by the pho-
tocurrent in the receiver, and the denominator is the input
electrical power to the modulator corresponding to an ap-
plied voltage of V_. The photocurrent in the receiver is
related to the received optical power Wo by Iph = rlWo,
where r/is the responsivity of the receiver.
B. The 1-dB Compression and Third-Order
Intercept Point of the Optical Link
Referring to Appendix A, one can see that the input
1-dB compression PmldB and third-order intercept point
IPm of a Mach-Zehnder modulator are
1
= (4)
uop
may be placed either before the modulator or after the
receiver. However, a preamplifier is preferred because it
also serves to reduce the noise figure of the optical link.
In order for the preamplifier not to limit the dynamic
range of the photonic link, its output intercept IPpr and 1-
dB compression pldB must be much larger than the input
- pr
intercept IPm and 1-dB compression p_dB of the modula-
tor, respectively. Using Eq. (2), we therefore obtain
4 V}
IP , >> (5)
ppldB 2 V} (6)
r > > 57r----_ R--_
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D. Third-Order Intercept Point of the Loss-
Compensated Optical Link
Using the cascading formula given by Norton [8], we
obtain the output third-order intercept IP_ of the loss-
compensated photonic link (subsystem 2):
1 1 1
I--_2 - GoplPpr + IPop (7)
Because the loss-compensated optical link has a gain of
unity, G2 =- GprGop = 1,IP2 is also the input intercept
of the link. When Eq. (5) is satisfied, IP2 = IPop and
both the input and output intercept points of the loss-
compensated link are equal to the output intercept point
of the isolated optical link. Because IPop = 4I_hRL, again
the intercept of the loss-compensated link is independent
of the characteristics of the modulator and depends on
only the photo-electric power in the receiver.
Similarly, the input and output 1-dB compression pldB
of the loss-compensated link is
1 1 1
-- +- (8)
E. Noise of the Optical Link
The total noise density (per hertz) at the output of the
fiber optical link is
Pop = Gop'P._ + "Pth.... _ + P, hot+ PRIN (9)
where T'm is the input noise density to the modulator,
7_therrn_t is the thermal noise density generated in the re-
ceiver, _hot is the shot noise density, and PmN is the rel-
ative intensity noise density generated by the laser around
the modulation frequency fro. In Eq. (9), we neglected
the dark current noise generated by the photodetector be-
cause the anticipated photocurrent (approximately 1 mA)
is much larger than the dark current (approximately 1 nA).
The thermal noise and the shot noise are white noise pro-
cesses, and their expressions are well known, as follows:
_)therrnal = kTop (10)
_)shot = 2eIphRL (11)
where Top is the ambient temperature of the optical link, k
is Boltzmann's constant, and e is the charge of the electron.
The relative intensity noise (RIN) of a YAG laser is
frequency dependent and has a relaxation oscillation peak
around a few hundred kHz [9]. However, this low fre-
quency noise peak can be multiplied up to the modulation
frequency by the modulator and contributes to the total
relative intensity noise around fro, as shown in Fig. 2(a).
To find the relationship between the amplitudes of the
multiplied RIN peak and the modulation, we performed a
simple experiment, as shown in Fig. 2(b). We first added
a small single-tone modulation to the laser light with a
modulator (modulator 1) at a frequency (250 kHz) close
to that of the relaxation oscillation peak (187 kHz). A
second modulator (modulator 2) was then used to impose
a strong modulation at a higher frequency. As one can see
in Fig. 2(c), both the relaxation oscillation peak and the
single tone were multiplied up and their relative ampli-
tudes remained unchanged. This result indicates that the
amplitude of the multiplied RIN peak can be calculated
by treating the relaxation oscillation peak of the RIN as a
single-tone modulation, as is done in Appendix B.
Consequently, the total RIN, "PRtN, at the frequency of
interest, f, is the sum of the baseband relaxation oscilla-
tion, "PontN, at f and the multiplied relaxation oscillation
peak, "_rn RI N :
_RIN =_oRIN +PmnlN (12)
where
PoRIN = I_hRL RIN (fro) (13)
I
"PmR_N = -_GopPmRIN (f - fro) (14)
In Eqs. (13) and (14), RIN(f) is the laser RIN fluctua-
tion at f and RIN(f - fro) is the RIN fluctuation around
relaxation oscillation frequency fRLX. They have a unit
of 1/Hz. Note that RIN(f - fro) is a strong function of
frequency around its peaks at f -fm = +fnLX, as shown
in Fig. 2(a). From Eq. (14), one can see that the larger
the driving signal, the more the low-frequency relaxation
oscillation noise contributes to the noise at the modulation
frequency, f,_.
From Eqs. (10), (11), and (13), one can see that the
thermal noise is independent of photocurrent Iph, the shot
noise is proportional to Iph, and the RIN is proportional
to Iph squared. Comparing Ptherrnal, _'3shot, and _)oRIN,
one can see that at low photocurrent (Iph < 0.25 mA), the
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thermal noise Pthe_maZ dominates. At moderate photocur-
rent (0.25 mA < Iph _< 10 mA), the shot noise P, hot dom-
inates, and at high photocurrent (Ivh > 10 mA), the RIN
PoRIN dominates. In the calculation above, a relative in-
tensity fluctuation RIN(f) of-165 dB/ttz and RL = 50
are assumed. Most laser manufacturers use this num-
ber to conservatively specify the RIN for diode-pumped
YAG lasers at above 10 MHz; no definitive measurement
has been performed so far to accurately determine it. It
is generally believed that the actual value of the RIN
for diode-pumped YAG lasers can be much smaller than
-165 dB/Hz.
F. RIN Noise Peak
Since the multiplied relaxation-oscillation noise peaks
are a few hundred kHz away from the modulation fre-
quency, with their amplitudes increasing as the driving
signal increases, it is very easy to mistake them for the
signal [see Fig. 2(a)]. Thus, for a practical system, these
peaks have to be suppressed below the system noise floor.
The RIN fluctuation at relaxation oscillation frequency
RIN(fnLX) of a diode-pumped YAG laser without a noise
reduction circuit is typically as high as -100 dB/ttz. As-
suming that V_ of the modulator is 8 V, RL and Rm are
50 f_; then, with a moderate driving signal level of 1 mW
(corresponding to a modulation depth of 1.54 percent) and
a photocurrent of 0.02 mA, the multiplied relaxation os-
cillation peaks will be above the noise floor, set by the sum
of the thermal, the shot, and the original RIN noise terms.
The maximum multiplied RIN noise density at the peak,
f -fm = +fRLX, can be obtained by replacing Pm in
Eq. (14) with pm_×, the maximum allowed driving power
of the system at the modulator:
maxPmnlN = Govpm_xRIN (fnLX (15)
If the input noise P,_ to the optical link is small com-
pared to the other noise terms, and the maximum driving
pldB
power of the system at the modulator is pm_x _ _ ,_ ,
then in order for this multiplied RIN to be below the noise
floor of the link, RIN (fnLX) should satisfy
lOkTop 20e
- 2 /-_RIN (fRLX) < I;hnL + + IORIN (fro) (16)
However, in an actual system, the input noise Pm to
the optical link [the first noise term in Eq. (9)] is much
larger than the rest of the noise terms and sets the noise
floor of the system. In order for the multiplied RIN to be
10 dB lower than the input noise floor, we must have
0.4
RIN (fRLX) <-- L'-_,y, (17)
where D_u, = pm_×/p,_ is the maximum signal-to-noise
ratio of the system, or simply the dynamic range. For ex-
ample, if the dynamic range of the system is 131 dB-Hz,
the RIN peak must be smaller than -135 dB/Hz. Diode-
pumped YAG lasers with relaxation oscillation peaks at
this level may now be obtained commercially. These lasers
reduce the RIN peak amplitude by incorporating a feed-
back loop in the pump diode circuit [9]. For systems re-
quiring higher dynamic range, further noise reduction with
an external circuit [10] may be necessary.
G. Noise Factor of the Loss-Compensated Optical
Link
The noise factor of the basic optical link may be ex-
pressed as
Pop - 1+ Fth + F, hot + FonIN + FmnlN (18)
Fop - GovPm Gov
where Fth, F_hot, FoRIN, and FmRIN are the noise fac-
tor contributions from the thermal, shot, RIN, and the
multiplied RIN noise, respectively. They are given by the
following expressions:
Fth - Pthe_m_t _ 1 (19a)
F_hot = p'h°-------Zt= 2elvhRL (19b)
P,, k Tov
I2h RL
PomN_ _RIN(fm) (19c1Fom_V - Pm
PmRrN Gov PmRIN(f - fro) (19d)
Fmn1N(f) -- Pm 4kTov
where Pm= kTov is used throughout. Because Gov is small
(approximately 10 -2 - 10-6), the resulting noise factor,
For , is large; thus, to reduce the noise factor, a pream-
plifier is required. With the preamplifier gain of Gvr and
19
noise factor of Fpr, the noise factor of the loss-compensated
optical link is
F2(/) = Fvr + Fop - 1 _ F2o + FmmN(f) (20)
Gpr
where
DoRIN = --4 -- 10 log RIN (fro) (24c)
DmmN = 6- 10 log RIN (fFLX) (24d)
In the above calculations, we assume that Top = 290 K
and RL = 50 f_.
17'2o _" Fpr "3t- Fth "4- Fshot "_ FoRIN (21)
is the frequency-independent part of the noise factor and
FmRIN(f) is the frequency-dependent part.
H. Compression Dynamic Range of the Optical Link
The dynamic range of a system is defined as the maxi-
mum output signal power divided by the total output noise
of the system: Dop = pldB/'D
" op l" op_ or
1 1 1 1 1
Dov - Dm t- Dther,_,_ + _ + DoRIN _ DmRIN (22)
where
pldB pldB
Om = - op - rn
G opT)m - _Pm (23a)
pldB 12
Dth -- - op 2 phiaL
_)thermal -- 5 kTop (23b)
pldB
Dsho t __ " op __ Iph
P, hot 5e (23c)
DoRIN -- p:dB 2
7aomN - 5RIN(fm) (23d)
pldB
DrnRIN -- - op _ 4
_PmR_'}N RIN(fRLX) (23e)
Equations (9) through (14) are used in deriving these
equations. To express in dB-Hz, the above equations can
be rewritten as
Dth = 157 + 20 log Iph(mA) (24a)
D, hot= 151 + 10 log Iph(mA) (24b)
I. Spur-Free Dynamic Range of an Optical Link
The spur-free dynamic range SFDov [in units of
(Hz) 2/3] of the optical link is
SFDop = ( IPop'_ 2/3
\ "Pov ] (25)
where IPop is the output third-order intercept of the mod-
ulator and is defined in Eq. (3). Since IPop = 10PoJpldB,
we have the following simple relation between the com-
pression dynamic range and spur-free dynamic range of an
optical link:
SFDop = (lODop) 2/a in units of (Hz) 2/a (26)
or
2
SFDop = 6.7 + _Dop in units of dB-(Hz) 2/3 (27)
III. Influence of the Optical Link on the
System
The ultimate optical link for antenna remoting does
not degrade the performance of the existing system and
will remain essentially "transparent" to the system. Thus,
the insertion of such an optical link in the existing sys-
tem does not change the system's noise temperature, dy-
namic range, gain profile, and phase noise. Such an optical
link is the basis of our analysis below, where the influence
of various parameters is considered in order to determine
the effect of each component of the link separately and to
specify the required parameters to achieve "transparent"
operation upon insertion in the system.
A. Influence on the Noise Factor
The noise factor of the system without the optical link
is
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T3 F3 - 1 (28)
F_us = F1 + T1 G1
where G1, F1, and T1 are the gain, noise factor, and input
noise temperature of subsystem 1, and where F3 and T3
are the noise factor and input noise temperature of sub-
system 3.
With the optical link inserted, the total noise factor is
Fa- 1 ta
F_y, = Yl + F2 - 1 7'2 + (29)
G1 7'1 G1G2 7'1
Because G2 = 1 for a loss-compensated optical link, the
total noise factor of the system is, therefore,
['_s = F,_, + AF2 (30)
where
AF2 -_ AF2o -F AF,-nRIN (31)
is the total noise factor increase caused by the inser-
tion of the optical link. In Eq. (31), AF2o -- (T2/T1)
x (['2o - 1)/G1 is the frequency-independent part of the
noise factor increase caused by the preamplifier, thermal,
shot, and baseband RIN. It can be expressed as
AF2o =
T2Fpr + 2eIphRL/k + IJhRLRIN(L_)/k
G1T1
(32)
where Top = 7'2 is used. Taking RL = 50 _, RIN(fm) =
-165 dB/Hz, and Iph in units of mA, Eq. (32) becomes
T2Fp. + ll60Iph + 116Ip2h
AY2o _ (33)
GaT_
On the other hand, AFmniN is the frequency-
dependent part of the noise factor and is induced by the
multiplied RIN noise peak. It is defined as
1 Pm/G1Gpr
AFmRIN = RIN (f -- fro) (34)
4 kT1
In Eq. (34), Pm/GIGp_ is the input signal power of the
system, and kT1 is the input noise density to the system.
The ratio of the two terms is just the input signal-to-noise
ratio (SNR) in a 1-Hz bandwidth. Note that Pm/G1Gp_
can be either the signal of interest or an interference sig-
nal that falls into the pass band of the signal of interest.
When there is no interference signal present, this term is
not critical because, when the signal of interest is small,
this term is small. Although this term becomes very large
at high signal levels, the resulting noise factor increase is
not damaging because the corresponding SNR is so high
that a small noise increase will have little effect on the
performance of the system.
On the other hand, when there is a strong interference
signal present, Pm/G1Gp_ will be large, even though the"
signal of interest is small. Consequently, the SNR of the
signal of interest is reduced, and the performance of the
system is degraded.
The largest AFmRIN occurs when f -fm = "+fRLX
and when the SNR of the system is a maximum:
mFm_XiN _. iF D,y,RIN(fnLX)
4 _ys
(35)
Here, F,u_ is the noise figure of the system, and D_ u, is
the dynamic range of the system or the maximum SNR.
B. Influence on the Dynamic Range of the System
Without the optical link, the original input third-order
intercept point IPsy, of the system is
1 1 G_
+ -- (36)
IP,ys IPI IP3
where IP3 is the input intercept point of subsystem 3.
After the insertion of the optical link, the third-order
intercept point of the whole system is
= 1 G1 G1G2 (37)
IF'. I-Z + +
where IP2 is the input intercept point of the optical link
and is given by Eq. (7). For the loss-compensated optical
link, G2 =- Gp_Got, = 1, Eq. (37) becomes
IPsy, (38)
IP_y_ = 1 + GIlP, y_/IP2
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Thereductionof thesystem'sinterceptpointin dBis,
therefore,
GaIP, u,) (39)A(IP) = 10log 1+ IP2
Similarly, the 1-dB compression, F_v,, of the system
after the insertion of the optical link is
p' = Ip:d_
sys 1 + G1PldB/p ldB (40)
sy8 / 2
and the reduction of the system's 1-dB compression in dB
is
_ DldB )
Lr 1 1 sys
A (ptdS) = 10 log 1 + p_d (41)
Finally, the spur-free dynamic range and compression
dynamic range of the system after the insertion of the op-
tical link can be expressed as
, = ( Ip_u" )213SFD'u' k F;_,kT_
SFD_ys
= [(1 + AF2/F,u,)(1 + G, IP, y,/IP2)] 2/3 (42)
pI
, _ ,y, _ D,y,
t . ldB ldBU_Ys F_ys]grl (1 "[- AF,_/Fsys) (1 -Jr- GIPSy s /P_ )
(43)
where Eqs. (30), (38), and (40) are used. The degrada-
tion of the spur-free dynamic range (in dB-Hz 2/3) and the
compression dynamic range (in dB-Hz) of the system are,
therefore,
A(SFDs_) _ (_) A(IP) GIlP, y_)6.7 log 1 + IP2
(44)
_ DldB \
t_rl Jsys
AD,_, _A(pIdB) : 10log 1+ _ ] (45)
where AFoplF.u. << 1 is assumed.
When the preamplifier is properly chosen so that Eq. (5)
is satisfied, then from Eqs. (7) and (8) we have IP2 =
4I_hRL and pldB = 2I_hRL/5" Consequently, the dy-
namic range of the system is solely limited by the photo-
electric power. The higher the photo-electric power, the
smaller the degradation. On the other hand, if the re-
quirement of Eq. (5) cannot be satisfied, then both the
preamplifier and the photo-electric power limit the sys-
tem's dynamic range.
C. Photocurrent Requirement
If the preamplifier is properly chosen so that Eq. (5) is
satisfied, then from Eq. (44), in order for the degradation
A (SFDsy,) of the spur-free dynamic range to be less than
1 dB, the photocurrent must be
Iv h > /_/ hGIIP, y, (46)
-- V 8RL
Similarly, from Eq. (45), in order for the degradation,
AD, y_, of the compression dynamic range to be less than
3 dB, the photocurrent must be
,/hG Pg2
Ivh -->V (47)
From Eqs. (46) and (47), one can see that the higher
the input 1-dB compression of the system, the higher the
optical power (photocurrent) of the optical link is required
to be to preserve the dynamic range of the system.
IV. Summary
We analyzed the influence of an externally modulated
fiber-optic link on a microwave communications system
and determined quantitatively the degradation of the noise
figure and the dynamic range caused by inserting the link
in the system. We found that if the preamplifier is properly
chosen, the photo-electric power in the photodetector is
the only parameter of the link that affects the dynamic
range of the system. The higher the photo-electric power,
the less dynamic range degradation of the system. For a
system of a given dynamic range, we deduced the minimum
photocurrent (optical power) requirement for the system.
We also determined quantitatively the effect of different
noise terms of the optical link on the noise figure of the
system. We paid special attention to the laser's relaxation
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oscillation noise and showed how it is multiplied up in
frequency by the modulation signal to degrade the signal.
The maximum amplitude of the relaxation oscillation peak
is inversely proportional to the achievable dynamic range
of the system.
Finally, we studied the requirements of the preampli-
fier required for the optical link. Both the required gain
and the third-order intercept of the preamplifier are pro-
portional to V_/R_, a quantity solely determined by the
characteristics of the modulator. In practice, modulators
with small V, and large Rm should be used so that the
preamplifier can meet the requirements of Eqs. (4) and
(5).
When designing a photonic link for analog communi-
cations systemsl the following procedure is recommended.
First, a laser with low relaxation oscillation noise should
be chosen according to Eq. (17). This ensures that the
multiplied noise peaks are well below the noise floor of the
system. Second, the minimum photocurrent I_h i'_ (or min-
imum optical power) of the photonic link should be deter-
mined using Eq. (46) or Eq. (47). This is to make certain
that the dynamic range of the system is preserved. Third,
a modulator with low enough V_ should be chosen, and the
RF loss of the photonic link should be evaluated by sub-
stituting V_ and I_h TM in Eq. (1). Fourth, a preamplifier
should be selected with a gain large enough to compen-
sate for the link's RF loss. To ensure that the preamplifier
does not limit the dynamic range of the system, its inter-
cept point and 1-dB compression should satisfy Eqs. (7)
and (8), respectively. Finally, the noise factor degradation
of the system caused by the insertion of the photonic link
should be evaluated using Eqs. (33) and (34).
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to verify that the strength of the multiplied noise peak obeys the same rule
as a multiplied signal; and (c) results of the experimenL
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Appendix A
Derivation of Gain, 1-dB Compression, and
Intercept Point of an Optical Link
The optical transmission function of a Mach Zehnder
modulator biased at 50 percent of its transmission peak is
In the frequency domain, the optical link's output
power Pop(w) of the fundamental frequency component is
1[ 7rV(t)]T(t) = _ 1 - sin , J (A-l) Pop(w) = I2(_) = -_,ph_nm 1 -- (A-6)
where V, is the half-wave voltage of the modulator and
V(t) is the voltage of the driving signal. For 17rV(t)/V_t <
1, we can expand Eq. (A-I) into a Taylor series:
1_" 7rV(t) 1 [_rV(Q] 3"_
T(t)._-_LI-_+6L V_ J J
(A-2)
The error of the approximation is less than 0.83 percent.
A. Gain of the Optical Link
For a single-tone driving signal V(t)
Eq. (A-2) becomes
= Vo sin wt,
On the other hand, the total input RF power Pro(w) to
the modulator is
1/2 m_V2 (A-7)Pm(_)- 2Rm - 2¢r2R_
where Rr_ is the input impedance of the modulator.
Eq. (A-4) is used in deriving Eq. (a-7).
Substituting Eq. (A-7) in Eq. (A-6), we obtain
Gop pm
Pop = Gop 1 _ Pm
(A-S)
1[ ]T(t)= _ 1-m 1- sinwt-_sin3wt (A-3)
where m is the modulation depth and is defined as
7rVo
m _= V_ (A-4)
The total photocurrent current I(t) in the load resistor of
the photoreceiver is
I(t) = aoWi,_T(t) = IphT(t) (A-5)
where Iph = aqWi,_ is the total average photocurrent in
the load resistor, Wi,_ is the input optical power to the
modulator, q is the responsivity of the photoreceiver, and
a is the total optical loss of the optical link, including
modulator insertion loss, fiber attenuation loss, and optical
coupling loss.
where Gop is the small signal gain of the optical link and
is defined as
2
Pop _ _r2 I_hRL (A-9)Gop-Pm V]/P_
B. The 1-dB Compression of the Optical Link
From Eq. (A-8), 1-dB compression occurs when
(1 - GopPm/41_hRL) 2 = 0.8. Therefore, the input 1-dB
compression of the optical link is
212h RL
p1_,dB ,_ (A-10)
5Gov
C. Third-Order Intercept of the Optical Link
For a two-tone driving signal of equal amplitude V(t) =
Vo(sin wit + sin wzt), Eq. (A-2) becomes
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1 - m - (sin wit + sin _2t)]
m3 }+--_-- [sin (Wl - Aw) + sin (w2 + Aw)] (A-11)
where Aw = w_ - wl. In Eq. (A-11), the second term
is the intermodulation product and other higher harmonic
terms were neglected. Similar to the derivation of Eq. (A-
6), the RF power of the output intermodulation product
is
2 6
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Substitution of Eqs. (A-7) and (A-9) in Eq. (A-12)
yields the output intermodulation products
At the third-order intercept point, RIM : GopPm. Sub-
stituting in Eq. (A-13), we obtain
4 I2h RL
IPm = Pm - (A-14)
Gop
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Appendix B
Multiplied RIN Noise
The total optical power incident on the photoreceiver
AP(t) = [Po + Ap(/)] (1 + m sin wmt) (B-l)
where AP(t) is the optical power fluctuation, w,_ is the
modulation frequency, and m is the modulation depth de-
fined in Eq. (A-4). Because the optical fluctuation of a
laser peaks at relaxation oscillation frequency wR, as an
approximation, AP(t) can be written as
AP(t) = APo(t) sin wnt (B-2)
Substituting Eq. (B-2) in Eq. (B-l), we obtain
P(t) = Po (1 + m sin w._t) + APo(t) sin writ
,napo(t) [cos(_m -_R)- cos (_m + _R)t]
2
(B-3)
The photocurrent at wm - _n and wm+ wn is
qAP°(t)m (B-4)
ImRIN -- 2
The corresponding rms noise power at wm -wn and wm+
wn is
2
pmRIN--lmRINRL--I(_----_-_) 22 2 RL < APo(t) 2 >
(B-5)
where <> denotes for time average.
Because RIN = < AP0(t) _ >/P_o, the last equation
becomes
1(-_) 2PmRIN = _ RLRIN (B-6)
Substitution of Eqs. (A-7) and (A-9) in Eq. (B-5) yields
PmRIN = 1GopPmRIN (B-7)
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